Composite marine propeller, due to its potential advantage of reduced weight and noise reduction, has increasingly attracted the attention of researchers. In the current work, the performance and efficiency of the 438x series of composite propellers are studied based on the finite element method (FEM) and the computational fluid dynamics method(CFD). The influence of blade skew angle on the hydro-elastic performance、cavitation and efficiency of composite marine propeller are discussed.
Introduction
Traditionally metallic propellers are subject to corrosion and cavitation damage, fatigue-induced cracking, and have relatively poor acoustic damping properties that can lead to noise [1] . In recent years, the potential benefits of composites play an important role in improving the performance of marine propeller, especially for large size and high performance ships requiring weight loss, vibration and noise reduction.
In the literature composite propeller has been shown to a weight of only one-third the weight of conventional Nickel-Aluminum Bronze (NAB), reducing the propeller noise typically by 5 dB, and reducing the fuel consumption by up to 15% by using the hydro-elasticity to optimize propulsive efficiency [2] .
In recent years, a considerable amount of research has been completed on composite marine propellers. Lin [3] [4] et al calculated the stress of a composite blade under the fluid pressure and centrifugal loads using the commercial finite element software ABAQUS, and compared with a geometrically identical isotropic metal
propeller. The composite blade was composed of multiple layers of braided fiber and a foam-filled core, the fluid pressure and centrifugal loads were considered using PSF-2 program (a software program for analyzing the flow field of a propeller in steady and subcavitating flows). Subsequently, Lee [5] [6] et al studied the optimized design method of the composite blade using the genetic algorithm, and completed the corresponding experiment in subsequent study. Lin [7] [8] et al developed a coupled 3-D FEM/VLM (Vortex-lattice Methods) method for analyzing composite propeller in steady flow，the strength and the underwater free vibration of the composite blade were analyzed. At the same time, Young and Motley [9] [10] [11] [12] [13] et al presented a coupled FEM/BEM (Boundary Element Method) approach to comprehensively investigate flexible composite propellers in subcavitating and cavitating flows. The hydrodynamic performance and efficiency were improved by utilizing the bend-twist coupling effects of composites. Recently, Paiket [14] et al studied the performance characteristics of three kinds of flexible propellers, and tested and analyzed the tip vortex cavitation and the acoustic noise performances. Herath and Prusty et al [15] [16] [17] presented a layup optimization algorithm for composite marine propeller. The off-design propulsive efficiency was improved by using the Finite Element Method combined with Genetic Algorithm (GA). Shenoi et al [18] [19] [20] discussed the manufacturing aspects of composite blades.
Based on the above outstanding research, this paper will further study the hydro-elastic performance、cavitation and efficiency of the same series of composite propellers. For the research of the same series of propellers, especially the same series of metal propellers, has carried out a lot of work in the past. However, there are significant differences in material properties between the metal and the composite, so this is particularly important to study the performances of the same series of composite propellers. For the same series of metal propellers, the designers found that the geometrical features, such as propeller diameter, skew, pitch distribution et al, are the main factors that affect the efficiency and cavitation performance of metal
propeller. Therefore, in the design process of full-sized metal propeller, the main task was select proper geometrical parameters, according to the ship type, main engine and working condition, for improving the efficiency and reducing the cavitation. Figure 1 shows geometries of the study object: the 438x series of skewed propellers. The series propeller comprised four propellers having the skew angles of 0º, 36º, 72º, 108ºat the propeller tip respectively. The propellers both consist of five blades and have a diameter of 304.8mm(12in), a expanded area ratio of 0.725. The detailed geometry parameters can be found in literature [22] .
Computation method and Analysis tools

Physical model
Computational model and boundary conditions
In this paper, the hydro-elastic performances of composite marine propeller are calculated based on the finite element method (FEM) coupled with computational fluid dynamics (CFD). To construct the finite element model in the coupled matrix, we choose a reference blade for composite propeller, as shown in Figure 2 . The composite propeller rotating with a constant angular velocity Ω about a fixed x axis. the finite element model of the reference blade is constructed by the layered solid elements [23] . We define one element in the thickness direction of the blade, and consider per element to be a symmetric graphite-epoxy laminate composed of different orientation plies. The number of plies for per element is different due to the blade thickness is a function of position. Figure 3 shows the finite element model of 438x series of composite propeller generated by the software ANSYS. The model consists of 798 layered solid elements. Table 1 In the coupled simulation, the fluid is assumed to be viscid and incompressible.
With these assumptions, the hydrodynamic characteristics of the composite propeller imposed, centered at the coordinate system origin. To ensure that solutions yield sufficient accuracy, the mesh dependency study has been performed. In grid generation, the non-dimensional normal distance of the first cell layer towards wall is maintained at a value y+≈1 for the 438x series of propellers. The realizable SST k-ε turbulence model is chosen to solve the three-dimensional steady Reynolds averaged equations [24] . The Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm is selected as the pressure velocity coupling method. Boundary conditions are set to simulate the flow around a rotating propeller in the open water. Figure 4 shows the global fluid meshes, Figure 5 shows the detailed fluid mesh on the composite blade.
Coupling calculation method
In order to reduce the computational load, we only consider the coupling calculation of single composite blade. The coupling equation is constructed and 
In these equations, B and L B represent linear and nonlinear strain-displacement transformation matrices, respectively. At the same time, the forces of the fluid acting on the blades are expressed as
in which dA is the interaction boundary between the fluid and structure, and m is its outward normal vector.
[N] is the displacement interpolation matrix, which depends on the element types used in the structural calculation. P is the total hydrodynamic acting on the blade, and it can be decomposed into two parts
where r P and v P are the hydrodynamic pressure due to rigid-blade rotation and elastic blade deformation, respectively.
Substituting Eq. (6) and Eq. (7) into Eq. (1), we can obtain the coupling equation: 
Results and Discussions
Validation of coupling method
Because the 3-D FEM/CFD coupling algorithm has been suitably validated for high skewed composite propeller in authors' previous studies [25] , the validity of this method for non-skewed 4381 composite propeller is mainly discussed below. 
The hydrodynamic performance
According to the chosen material and stacking scheme, the hydrodynamic performances of the series of composite propeller in open water can be calculated by the coupled FEM/CFD method. These calculated results are compared with the calculated and measured results [26] of the series of metal propeller. The rotating speed n of all propellers during the simulation is set to 7.8 rps, which is consistent with the rotating speed of the experimental process. Figure   15 presents a schematic view of the cross-section A. Figure 16 compares the maximum efficiency of the 438x series of propellers. It is clear that the value of the maximum efficiency almost is stable for the 438x series of metal propellers, however, the value of the maximum efficiency has a big change for the 438x series of composite propellers. Under the same host power, that is, the rotation speed of the blade, this is a significant difference of the thrust characteristics between composite series propellers with metal series propellers.
Cavitation
In order to analyze the differences of the cavitation performance between the same series of composite propellers and metal propellers, we calculated the cavitation number σ ( 
The hydro-elastic performance
The hydro-elastic structural responses of the series of composite propellers in open water are calculated by the coupled FEM/CFD method. Due to there have been a lot of research work on the hydro-elastic structural performances of composite propellers such as strength, stress and displacement, etc. The paper will focus on discussing the hydro-elastic performance differences of the same series of composite propellers. Figure 18 shows the predicted maximum displacement of the 438x series of composite propellers. We can see that the larger the skew angle, the greater the maximum displacement of the composite propeller. It should be noted that the change of the maximum displacement is not significant for the non-skewed and low-skewed composite propellers in the range of advance coefficient J=0.3 to 1.3, however, the change is great for the high-skewed composite propellers. In order to more clearly show the deformed geometry of composite series propellers, Figure 19 presents the deformation contours of composite propellers at J=1.08. It is clear that the deformations of composite series propellers are concentric annular distribution, and the largest deformation occurs at the tip of the blade. Figure 20 shows the pitch angle changes between the deformed and un-deformed shapes at the blade tip of the 438x series of composite propellers. It should be noted that the pitch angles of the non-skewed and low-skewed composite propellers increase first and then decrease, however, the pitch angles of the high-skewed composite propellers has been increasing in the full speed range. Table 2 further lists the element number and the number of layers with the maximum principal stress when the advance coefficient J=1.08. Figure 22 shows the principal stress contours of the 438x series of composite propellers at the layer corresponding the maximum principal stress.
Conclusions
The hydro-elastic phenomena of the 438x series of composite propeller are previous studies [25] ) (2) For the same series of composite propellers, the geometrical and structural factors all have a significant effect on the propeller performances. When we choose the same structural scheme, the maximum efficiency and the corresponding cavitation number are greatly different between the same series of different propellers. This is a significant difference from the characteristics of the same series of metal propellers.
(3) When we choose the same structural scheme, the larger the skew angle, the greater the hydro-elastic structural responses of the composite propeller. The change of the structural responses is not significant for the non-skewed and low-skewed composite propellers in the range of full advance coefficient, however, the change is great for the high-skewed composite propellers.
(4) We can adjust the structural scheme according to the skew angle, so that the series of composite propeller obtain the desired efficiency、cavitation and structural performance.
(5) The research of cavitation performances of the same series of composite propellers is a very important part for understanding the composite propeller, and it is a very complex problem. We will discuss further in future work. 
